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Aeronautical Communication (AC) systems are likely to be a part of future tiered communication network structures. Therefore
maintaining a robustAC linkwith aminimumpower burden on the host platformhas a critical importance. In this paper, we analyze
the AC systems from a link budget analysis point of view and define the requirements for the parameters of link budget with an
emphasize on antenna gains. First, we study the link budget analysis in an AC system.Then, we present a mathematical framework
to provide an end-to-end link budget analysis utilizing the platform kinematics. Finally, we present the numerical results for typical
AC scenarios and discuss that these results can be used for calculating the real-time link budget and electronic beamforming to
provide a robust link.
1. Introduction and Motivation
Aeronautical communications (AC) is an emerging area
in which aeronautical platforms are considered as a part
of the multitier network for future wireless communica-
tion systems. Programs led by the National Aeronautics
and Space Administration (NASA), the Federal Aviation
Administration (FAA), and EUROCONTROL all include
the aeronautical platforms as part of the multitier network
[1, 2]. The driving reasons for development of high data
rate AC systems are as follows: (1) the increase in data
demand for Air Traffic Control and Air Traffic Management
due to the growth in air transportation [3], (2) the need
for low latency and low cost services to provide in-flight
multimedia access [4], (3) the potential to use AC systems
as a backbone for terrestrial communication networks [5],
and (4) the exponential increase in the number of unmanned
air vehicles in both civil and military domains [6]. AC
systems can provide service for ground networks, public
safety, military communications, and improved cockpit data
communications.
Data hungry high speed nodes with longer communica-
tion distances bring new research dimensions for the future
communication systems in aeronautical domain. First of
all, power efficiency and spectral efficiency are not usually
equally important in aeronautical communication systems
as in terrestrial communications. As the communication
zones are larger in AC systems, in order to achieve longer
distances, power is considered to bemuchmore precious than
bandwidth. Moreover, in aeronautical stations, power must
be rigorously conserved since all of it is made on-board and
must be shared among many power hungry systems [7].
It is important to note that, in order to achieve higher data
rates to meet the requirements of improved avionic systems,
it is desirable to transmit as much data as possible in the
available bandwidth. Ideally, one would also like to use the
smallest possible bandwidth to transmit the data, that is, by
increasing the spectral efficiency. In the terrestrial, domain
licenses for wireless bandwidth are becoming increasingly
scarce and expensive. To the best of our knowledge, a
bandwidth regulation in aeronautical domain is not as strict
as terrestrial domain yet. However, using less bandwidth
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Figure 1: Capacity curve: limit of (𝐸b/𝑁0)
dB
Req,Coded.
reduces licensing costs and enables more nodes to share
a given frequency band, therefore, always desirable. As
opposed to above it is vital to note that in military/civil
domain increasing the spectral efficiency is not desirable
from an electronic warfare/robustness to interference point
of view [8]. Moreover, reducing the spectral efficiency also
enables longer distance communications by further reducing
the required energy per bit according to Shannon (see
Figure 1).
One of the most important issues on link budget analysis
inACdomain is the antenna gains. Having a directed antenna
with high gains reduces the delay/Doppler spread [9, 10], as
well as reducing the transmit power of the AC system [11].
As the AC platform moves, the platform heading may shift
(yaw) and the platform may tilt along the length (pitch), or
from side to side (roll) [12]. Hence the antenna beamforming
processing (mechanical or electronic) unit must rapidly
compensate for the disturbances caused by the changes in
yaw, pitch, and roll to maintain the link budget. This issue is
related to the positions of the platforms, Euler angles of the
platforms (yaw, pitch, and roll), and antenna gains [13].
Among all these (somewhat) contradicting requirements,
analysis of an AC link budget becomes a critical importance.
This paper analyze theAC systems from a link budget analysis
point of view and define the requirements for the parameters
of link budget with an emphasize on antenna gains. These
requirements provide the basis for a robust AC link. We
present a mathematical framework to provide an end-to-end
link budget analysis utilizing the platform kinematics. Kine-
matics, link budget, and antenna gains are well investigated
and understood in aeronautical [12], communications [14],
and antenna engineering [8] domains separately; however, to
the best of our knowledge a study of link budget emphasizing
the effect of kinematics has not been done; that is, the link
budget calculations generally assume static antenna gain [15].
The contribution of themathematical framework provided in
this study is twofold: (1) A real-time link budget analysis can
be realized for AC system which depends on AC platforms
positions and Euler angles. Given the telemetry data or flight
plans of AC systems, thismathematical framework provides a
run-time link budget analysis.This can be used to increase the
performance of the AC systems in terms of data rates, power
consumption, link margin, and so forth. (2) Mathematical
framework of mapping the AC platform positions and Euler
data to the platform antenna angles can be used for electronic
beamforming and/or mechanical beam steering algorithms,
which also provide a performance increase in AC systems
in terms of link budget with increased gains and/or Doppler
mitigation.
The rest of this paper is organized as follows. In Section 2,
we present the system model for the analysis of link budget
in AC systems and investigate the mathematical theory for
the boundaries. In Section 3, we provide a tool to understand
the kinematics of platforms and their effect on antenna
gains/link margin as well as a mathematical background for
the beamforming. In Section 4, the effectiveness of the tool is
showed by numerical analysis, followed by the conclusions in
Section 5.
2. System Model for the
Analysis of Link Budget in Aeronautical
Communication Systems
Received power at the input of the receiver chain in an aero-
nautical point-to-point communication link can be written
as
𝑃r =
𝑃t𝐺t𝐺r
𝐿backoff𝐿 tx𝐿 rx𝐿 rain𝐿atm𝐿 stat𝐿pol𝐿 fs
, (1)
where 𝑃t is maximum output power of power amplifier (PA),
𝐺t is transmit antenna gain, 𝐺r is receiver antenna gain,
𝐿backoff is back-off value, 𝐿 tx is transmitter losses between PA
and antenna, 𝐿 rx is receiver losses between antenna and low
noise amplifier (LNA), 𝐿 rain is rain losses, 𝐿atm is atmospheric
losses, 𝐿 stat is statistical losses due to multipath environment,
𝐿pol is polarization losses, 𝐿 fs is free space path loss, 𝐿 fs =
(4𝜋𝑑/𝜆)2, 𝜆 is wavelength, 𝜆 = 𝑐/𝑓c, 𝑐 = 3 × 10
8m/s, 𝑓c is
carrier frequency, and 𝑑 is distance between transmitter AC
and receiver AC.
Therefore, received energy per symbol over power spec-
tral density of noise can be written as
(
𝐸s
𝑁
0
)
Rec
=
𝑃r
𝑁
0
𝑁F𝑅s𝐼loss
, (2)
where 𝐸s is energy of symbol, 𝑁0 is power spectral density
of noise −174 dBm/Hz, 𝑁
0
= 𝜅𝑇0, 𝜅 is Boltzmann constant
𝜅 = 1.38 × 1023, 𝑇0 is reference noise temperature (Kelvin),
𝑁F is noise figure of the receiver AC, 𝑅s is symbol rate,𝑊 is
bandwidth, and 𝐼loss is implementation losses.
By using (1) and (2) one can find (𝐸s/𝑁0)
dB
Rec = 10 ×
log
10
(𝐸s/𝑁0)Rec.Therefore calculating the linkmargin will be
as follows:
LMdB = (
𝐸s
𝑁
0
)
dB
Rec
− (
𝐸s
𝑁
0
)
dB
Req
, (3)
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where (𝐸s/𝑁0)
dB
Req is the value corresponding to required
energy of symbol over power spectral density of noise in order
to ensure the bit error rate (BER) performance; say 𝑃b:
(
𝐸s
𝑁
0
)
dB
Req
= (
𝐸b
𝑁
0
)
dB
Req,Coded
+ 10 × log
10
𝑘, (4)
where 𝑘 is the information bit per symbol. The value of 𝑘 can
be given as
𝑘 = 𝑟𝑚, (5)
where 𝑟 is the coding rate and 𝑚 = log
2
𝑀, 𝑀 is the
modulation order. For a given modulation order and coding
rate, one can find the value 𝑘 using (5). In order to calculate
(𝐸s/𝑁0)
dB
Req in (4) and LM
dB in (3), we have to calculate
(𝐸b/𝑁0)
dB
Req,Coded.
An important theoretical result from communication
theory [16], called Shannon’s Formula, gives the theoretical
maximum data rate that can be reliably transmitted over
an additive white Gaussian noise (AWGN) channel with
bandwidth (Hz), received power (watts), and noise PSD 𝑁
0
(watts/Hz):
𝐶 = 𝑊log
2
(1 +
𝑃r
𝑁
0
𝑊
) . (6)
Any reliable communication system must have a bit rate
that is less than or equal to 𝐶, which is called the capacity of
the channel. Spectral efficiency of a waveform is given by 𝜂 =
𝑅b/𝑊, 𝑅b = 𝑘𝑅s, where 𝑘 is given in (5), and power efficiency
is measured by 𝐸b/𝑁0. Using these relationships and (6), we
have
𝜂 = log
2
(1 +
𝐸b
𝑁
0
𝜂) , (7)
or
(
𝐸b
𝑁
0
)
dB
Req,Coded
≥
2𝜂 − 1
𝜂
. (8)
In a wireless communication system, symbol rate 𝑅s is cal-
culated according to the digital-to-analog/analog-to-digital
converter (DAC/ADC) speed (including oversampling) and
𝑅b useful information bit rate. Bandwidth of the signal𝑊 is
generally given for a system due to regulations or in some
cases might be restricted due to RF hardware. Anyhow, a
given/selected 𝜂 = 𝑅b/𝑊 determines (𝐸b/𝑁0)
dB
Req,Coded.
Note that (8) provides a lower bound on for each value
of (𝐸b/𝑁0)
dB
Req,Coded. However, this tradeoff between (𝐸b/
𝑁
0
)dBReq,Coded and 𝜂 has a limit. No matter how much band-
width you allow a signal to have, you can never use (𝐸b/
𝑁
0
)dB < −1.59 dB and still have reliable communication (see
Figure 1).
Power and bandwidth are not usually equally important
in aeronautical communication system. As the communica-
tion zones are larger in AC systems, in order to achieve longer
distances power is considered to be much more precious
than bandwidth. Moreover, in aeronautical stations, power
must be rigorously conserved since all of it is made on-board
and must be shared among many power hungry systems.
Finally, it is important to note that increasing the bandwidth
efficiency is not desirable from an interference mitigation
point of view. Therefore from an aeronautical communica-
tion system design point of view, small (𝐸b/𝑁0)
dB
Req,Coded is
desirable (which means going left in Figure 1) in order to
increase the LM as given in (3). On the other hand, for a
given LM, lower (𝐸b/𝑁0)
dB
Req,Coded is desirable because it will
let the system achieve the same BER performance with lower
transmitting powers.
3. Transmit/Receive Antenna
Angles and Beamforming
As discussed in the previous section, parameters that affect
the AC system link budget can be summarized as follows:
output power of PA, back-off value, transmit and receive
antenna gains, transmitter/receiver side losses, rain losses,
atmospheric losses, statistical losses due to multipath, polar-
ization losses, carrier frequencies, communication distances,
data rates, bandwidth, and noise figure. In order to provide
a careful and robust system design all the above param-
eters as well as the relationship between them should be
studied in detail. Even though most of these parameters
are selected/dictated by the researchers/system requirements,
integration relatedmultidisciplinary subjects can be analyzed
separately. In this section, we investigate the antenna gains
according to the kinematics of platforms. In particular, we
provide a mathematical tool for analyzing the transmitter
and receiver antenna gains according to the positions of the
platforms, Euler angles of the platforms (yaw, pitch, and roll),
and antenna gain patterns.
The antenna gain pattern has a critical importance in
system design. In AC systems, link margin can be increased
(or the overall power consumption can be decreased) with
a careful design of antenna pattern. A directivity can be
placed by electronic beamforming and/or mechanical beam
steering according to positions and Euler angles of the
aeronautical platforms. This directivity will provide a higher
transmitter and receiver antenna gain between platforms
line-of-sight (LOS) and therefore can provide a robust AC
system link budget with additional link margins. The rela-
tionship between increasing the transmitter and/or receiver
antenna gain and link budget can be summarized as follows:
increasing transmitter antenna gain (𝐺t) and/or receiver
antenna gain (𝐺r), increase the received power (𝑃r) in (1),
therefore also increasing the received energy per symbol over
power spectral density of noise (𝐸s/𝑁0)Rec in (2).Thatmeans,
careful design of antenna pattern utilizing the positions and
Euler angles of the platforms yield increased (𝐸s/𝑁0)Rec,
which increase the linkmargin (LMdB) according to (3).Thus,
tracking the positions and Euler angles of the platforms can
increase the system performance from a link budget point
of view. Moreover, it can provide transmission security and
additional navigational reference to AC systems.
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Figure 2: Antenna pattern angle definitions.
Although it is very well understood/studied in literature
in different domains, a joint mathematical tool for both
antenna engineers and aeronautical engineers could provide
a complete understanding of system design. Therefore it is
important to provide a basis to the antenna pattern angle
definitions and aeronautical platform Euler angle definitions
as in Figures 2 and 3, respectively.
Using the platformpositions in Figures 4 and 5 and Euler-
angle definitions, we study the LOS antenna angles for two
platforms. (The rest of the paper will provide a formulation
for two aeronautical platforms. However, the mathematical
tools provided in this paper can be used for an aeronautical-
ground communication scenario s.t. a fixed platform with
fixed Euler angles can be used for any of the platforms.)
In this section, we first present the antenna angles for two
platforms only based on positions. By using those results, we
add the Euler angles to the formulations in order to provide
a complete solution.
3.1. LOS Antenna Angles Based on Aeronautical Platform
Positions. Let (𝑥
1
, 𝑦
1
, 𝑧
1
) and (𝑥
2
, 𝑦
2
, 𝑧
2
) denote the aeronau-
tical platform 1 (AP1) and AP2 positions, respectively. Also
consider that (pitch
1
, roll
1
, yaw
1
) and (pitch
2
, roll
2
, yaw
2
)
present the Euler angles for AP1 and AP2. The LOS antenna
(𝜃
𝑖,0,0,0
, 𝑖 = 1, 2.) angles for AP1 and AP2 in the absence of
Euler angles (i.e., (pitch
1
, roll
1
, yaw
1
) = (0, 0, 0)) can be given
as
𝜃
1,0,0,0
=
{{{{{{{{{
{{{{{{{{{
{
tan−1(
√Δ𝑥2 + Δ𝑦2
Δ𝑧
) , if Δ𝑧 ≥ 0
𝜋 + tan−1(
√Δ𝑥2 + Δ𝑦2
Δ𝑧
) , if Δ𝑧 < 0,
𝜃
2,0,0,0
= 𝜋 − 𝜃
1,0,0,0
,
(9)
where Δ𝑥 = 𝑥
2
− 𝑥
1
, Δ𝑦 = 𝑦
2
− 𝑦
1
, and Δ𝑧 = 𝑧
2
− 𝑧
1
. On the
other hand, the LOS antenna (𝜙
𝑖,0,0,0
, 𝑖 = 1, 2.) angles for AP1
and AP2 values can be calculated as
𝜙
1,0,0,0
=
{{{{{{{{{{
{{{{{{{{{{
{
tan−1 (
Δ𝑦
Δ𝑥
) , if Δ𝑥 ≥ 0, Δ𝑦 ≥ 0
𝜋 + tan−1 (
Δ𝑦
Δ𝑥
) , if Δ𝑥 < 0, Δ𝑦 > 0
2𝜋 + tan−1 (
Δ𝑦
Δ𝑥
) , if Δ𝑥 > 0, Δ𝑦 < 0
𝜋 + tan−1 (
Δ𝑦
Δ𝑥
) , if Δ𝑥 ≤ 0, Δ𝑦 ≤ 0,
𝜙
2,0,0,0
=
{
{
{
𝜙
1,0,0,0
+ 𝜋, Δ𝑦 ≥ 0
𝜙
1,0,0,0
− 𝜋, Δ𝑦 < 0.
(10)
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Figure 3: Aeronautical platform Euler angle definitions.
Note that, (9)-(10) provide the AP1 and the AP2 LOS
angles in the absence of pitch, roll, and yaw angles. However,
they will be used as the initial values for the rest of the
paper.
3.2. LOS Antenna Angles Based on Aeronautical Platform
Positions and Euler Angles. In this section, we first study the
effect of yaw
𝑖
, 𝑖 = 1, 2, then pitch
𝑖
, 𝑖 = 1, 2, and finally roll
𝑖
,
𝑖 = 1, 2, on the antenna angles. Firstly, we investigate the effect
of platform yaw movement on the antenna angles. yaw
𝑖
does
not have any effect on 𝜃
𝑖,0,0,0
; that is, 𝜃
𝑖,yaw
𝑖
,0,0
= 𝜃
𝑖,0,0,0
. On the
other hand, the effect of yaw
𝑖
on 𝜙
𝑖,0,0,0
can be given as
𝜙
𝑖,yaw
𝑖
,0,0
=
{{{{
{{{{
{
𝛼
𝑖,yaw
𝑖
,0,0
, if 0 ≤ 𝛼
𝑖,yaw
𝑖
,0,0
< 2𝜋
𝛼
𝑖,yaw
𝑖
,0,0
− 2𝜋, if 2𝜋 ≤ 𝛼
𝑖,yaw
𝑖
,0,0
𝛼
𝑖,yaw
𝑖
,0,0
+ 2𝜋, if 𝛼
𝑖,yaw
𝑖
,0,0
< 0,
(11)
where 𝛼
𝑖,yaw
𝑖
,0,0
= 𝜙
𝑖,0,0,0
+ yaw
𝑖
.
After calculating 𝜃
𝑖,yaw
𝑖
,0,0
and 𝜙
𝑖,yaw
𝑖
,0,0
according to the
yaw values of AP𝑖, 𝑖 = 1, 2, we may calculate 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
and
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Figure 4: LOS 𝜃
1,0,0,0
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angle definitions for AP1 and AP2.
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Figure 5: LOS 𝜙
1,0,0,0
and 𝜙
2,0,0,0
angle definitions for AP1 and AP2.
𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
according to the pitch values of AP𝑖, 𝑖 = 1, 2.
In order to present the effect of pitch on the angle, observe
Figure 6. Let 𝜃
𝑖,yaw
𝑖
,0,0
and 𝜙
𝑖,yaw
𝑖
,0,0
, 𝑖 = 1, 2, be the angles
calculated according to (11) which can be described with the
point𝐴 in Figure 6.Then the platform’s change of pitch angle
(∈ {−𝜋/2, 𝜋/2}) will result in the shift of 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
and
𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
on the circle which has the center of 𝑂󸀠.
Let |𝐴𝑂| = 𝑅; then |𝐴𝐵| = 𝑅 cos 𝜃
𝑖,yaw
𝑖
,0,0
, |𝐵𝑂| =
𝑅 sin 𝜃
𝑖,yaw
𝑖
,0,0
, |𝐵𝑂󸀠| = 𝑅 sin 𝜃
𝑖,yaw
𝑖
,0,0
cos𝜙
𝑖,yaw
𝑖
,0,0
, |𝑂󸀠𝑂| =
𝑅 sin 𝜃
𝑖,yaw
𝑖
,0,0
sin𝜙
𝑖,yaw
𝑖
,0,0
. Let the radius of the circle cen-
tered with 𝑂󸀠 be 𝜌. Since, 𝜌2 + |𝑂󸀠𝑂|2 = 𝑅2, we can calculate
𝜌 = 𝑅√1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
. Let ∠𝐴𝑂󸀠𝐵 be defined
as 𝛾
𝑝,𝑖
, and then
𝛾
𝑝,𝑖
= tan−1 ( |𝐴𝐵|󵄨󵄨󵄨󵄨𝐵𝑂󸀠
󵄨󵄨󵄨󵄨
)
= tan−1 ( 1
tan 𝜃
𝑖,yaw
𝑖
,0,0
cos𝜙
𝑖,yaw
𝑖
,0,0
) .
(12)
Therefore rewriting the |𝐴𝐵|, |𝐵𝑂|, and|𝐵𝑂󸀠| lengths in
terms of 𝛾
𝑝,𝑖
, we have
|𝐴𝐵| = 𝜌 sin 𝛾𝑝,𝑖 = 𝑅 sin 𝛾𝑝,𝑖
⋅ √1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
,
󵄨󵄨󵄨󵄨󵄨
𝐵𝑂
󸀠󵄨󵄨󵄨󵄨󵄨
= 𝜌 cos 𝛾
𝑝,𝑖
= 𝑅 cos 𝛾
𝑝,𝑖
⋅ √1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
,
󵄨󵄨󵄨󵄨󵄨
𝑂
󸀠
𝑂
󵄨󵄨󵄨󵄨󵄨
2
+
󵄨󵄨󵄨󵄨󵄨
𝐵𝑂
󸀠󵄨󵄨󵄨󵄨󵄨
2
= |𝐵𝑂|
2
,
|𝐵𝑂| = 𝑅 [cos2𝛾𝑝,𝑖 − cos
2
𝛾
𝑝,𝑖
sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
+ sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
]
1/2
.
(13)
When we have a tilt along the length in the platform (i.e.,
a change of pitch
𝑖
), we will have a new point on the circle
centered with 𝑂󸀠. Let this point be 𝐴󸀠 and the projection of
this point on 𝑥-𝑦 plane be 𝐵󸀠.Then we can calculate the angle
∠𝐴󸀠𝑂󸀠𝐵󸀠 = 𝛾
𝑝,𝑖
− pitch
𝑖
. Using this relationship and (13) we
may write |𝐴󸀠𝐵󸀠|, |𝐵󸀠𝑂|, and |𝐵󸀠𝑂󸀠| as follows:
󵄨󵄨󵄨󵄨󵄨
𝐴
󸀠
𝐵
󸀠󵄨󵄨󵄨󵄨󵄨
= 𝑅 sin (𝛾
𝑝,𝑖
− pitch
𝑖
)√1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
, (14)
󵄨󵄨󵄨󵄨󵄨
𝐵
󸀠
𝑂
󸀠󵄨󵄨󵄨󵄨󵄨
= 𝑅 cos (𝛾
𝑝,𝑖
− pitch
𝑖
)√1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
, (15)
󵄨󵄨󵄨󵄨󵄨
𝐵
󸀠
𝑂
󵄨󵄨󵄨󵄨󵄨
= 𝑅 [cos2 (𝛾
𝑝,𝑖
− pitch
𝑖
) − cos2 (𝛾
𝑝,𝑖
− pitch
𝑖
) sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
+ sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
]
1/2
, (16)
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
= tan−1(
√cos2 (𝛾
𝑝,𝑖
− pitch
𝑖
) − cos2 (𝛾
𝑝,𝑖
− pitch
𝑖
) sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
+ sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
√1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
sin (𝛾
𝑝,𝑖
− pitch
𝑖
)
) ,
(17)
𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
= tan−1(
sin 𝜃
𝑖,yaw
𝑖
,0,0
sin𝜙
𝑖,yaw
𝑖
,0,0
√1 − sin2𝜃
𝑖,yaw
𝑖
,0,0
sin2𝜙
𝑖,yaw
𝑖
,0,0
cos (𝛾
𝑝,𝑖
− pitch
𝑖
)
) . (18)
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Let 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
= tan−1(|𝐵󸀠𝑂|/|𝐴󸀠𝐵󸀠|) and 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
=
tan−1(|𝑂󸀠𝑂|/|𝐵󸀠𝑂󸀠|) be the angles calculated as (17) and (18),
respectively.Then according to the pitch value (pitch
𝑖
) of AP𝑖,
𝑖 = 1, 2, 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
and 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
can be calculated as
𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
=
{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{
{
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 0 ≤ 𝜙
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, −
𝜋
2
≤ pitch
𝑖
≤ 𝛾
𝑝,𝑖
𝜋 + 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 0 ≤ 𝜙
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 𝛾
𝑝,𝑖
< pitch
𝑖
≤
𝜋
2
𝜋 − 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
≤
3𝜋
2
, −
𝜋
2
≤ pitch
𝑖
≤ 𝛾
𝑝,𝑖
−𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
≤
3𝜋
2
, 𝛾
𝑝,𝑖
< pitch
𝑖
≤
𝜋
2
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
< 2𝜋, −
𝜋
2
≤ pitch
𝑖
≤ 𝛾
𝑝,𝑖
𝜋 + 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
< 2𝜋, 𝛾
𝑝,𝑖
< pitch
𝑖
≤
𝜋
2
,
𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
=
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{
𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 0 ≤ 𝜙
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
−
𝜋
2
𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 0 ≤ 𝜙
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 𝛾
𝑝,𝑖
−
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
≤ 𝜋, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
+
𝜋
2
−𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
≤ 𝜋, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 𝛾
𝑝,𝑖
+
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋 < 𝜙
𝑖,yaw
𝑖
,0,0
≤
3𝜋
2
, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
+
𝜋
2
2𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋 < 𝜙
𝑖,yaw
𝑖
,0,0
≤
3𝜋
2
, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 𝛾
𝑝,𝑖
+
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
< 2𝜋, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
−
𝜋
2
2𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
< 2𝜋, 0 ≤ 𝜃
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
, 𝛾
𝑝,𝑖
−
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 0 ≤ 𝜙
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
+
𝜋
2
𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 0 ≤ 𝜙
𝑖,yaw
𝑖
,0,0
≤
𝜋
2
,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, 𝛾
𝑝,𝑖
+
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
−𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
≤ 𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
−
𝜋
2
𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
≤ 𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, 𝛾
𝑝,𝑖
−
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
2𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋 < 𝜙
𝑖,yaw
𝑖
,0,0
≤
3𝜋
2
,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
−
𝜋
2
𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 𝜋 < 𝜙
𝑖,yaw
𝑖
,0,0
≤
3𝜋
2
,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, 𝛾
𝑝,𝑖
−
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
2𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
< 2𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, −
𝜋
2
≤ pitch
𝑖
< 𝛾
𝑝,𝑖
+
𝜋
2
𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,0
, if 3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,0,0
< 2𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,0,0
≤ 𝜋, 𝛾
𝑝,𝑖
+
𝜋
2
≤ pitch
𝑖
≤
𝜋
2
.
(19)
Finally after calculating 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
and 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
according to the pitch and yaw values of AP𝑖, 𝑖 = 1, 2, we
may calculate 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 and 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,roll𝑖 according to
the roll values of AP𝑖, 𝑖 = 1, 2, in a similar manner.
Figure 7 presents the effect of roll on the antenna angles.
Let 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
and 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
, 𝑖 = 1, 2, be the angles
calculated according to (19) which can be described with the
point 𝐴. Then the platform’s change of roll angle (∈ {−𝜋, 𝜋})
will result in the shift of 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 and 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,roll𝑖 on
the circle which has the center of 𝑂󸀠.
Let |𝐴𝑂| = 𝑅; then |𝐴𝐵| = 𝑅 cos 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
, |𝐵𝑂| =
𝑅 sin 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
, |𝐵𝑂󸀠| = 𝑅 sin 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
sin𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
,
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Figure 6: Effect of platform pitch angle to the antenna angles.
|𝑂󸀠𝑂| = 𝑅 sin 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
. Let the radius of
the circle centered with 𝑂󸀠 be 𝜌. Since, 𝜌2 + |𝑂󸀠𝑂|2 = 𝑅2, we
can calculate 𝜌 = 𝑅√1 − sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
. Let
∠𝐴𝑂󸀠𝐵 be (𝛾
𝑟,𝑖
), and then
𝛾
𝑟,𝑖
= tan−1 ( |𝐴𝐵|󵄨󵄨󵄨󵄨𝐵𝑂󸀠
󵄨󵄨󵄨󵄨
)
= tan−1 ( 1
tan 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
sin𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
) .
(20)
When we have tilt from side to side in the platform (i.e.,
a change of roll
𝑖
), we will have a new point on the circle
centered with 𝑂󸀠. Let this point be 𝐴󸀠 and the projection of
this point on 𝑥-𝑦 plane be 𝐵󸀠.Then we can calculate the angle
∠𝐴󸀠𝑂󸀠𝐵󸀠 = 𝛾
𝑟,𝑖
− roll
𝑖
. Similar calculations as given for pitch,
we may write |𝐴󸀠𝐵󸀠|, |𝐵󸀠𝑂|, and |𝐵󸀠𝑂󸀠| as
󵄨󵄨󵄨󵄨󵄨
𝐴
󸀠
𝐵
󸀠󵄨󵄨󵄨󵄨󵄨
= 𝑅√1 − sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
⋅ sin (𝛾
𝑟,𝑖
− roll
𝑖
) , (21)
󵄨󵄨󵄨󵄨󵄨
𝐵
󸀠
𝑂
󸀠󵄨󵄨󵄨󵄨󵄨
= 𝑅√1 − sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
⋅ cos (𝛾
𝑟,𝑖
− roll
𝑖
) , (22)
󵄨󵄨󵄨󵄨󵄨
𝐵
󸀠
𝑂
󵄨󵄨󵄨󵄨󵄨
= 𝑅 (cos2 (𝛾
𝑟,𝑖
− roll
𝑖
) − cos2 (𝛾
𝑟,𝑖
− roll
𝑖
) sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
+ sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
)
1/2
, (23)
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖
= tan−1(
√cos2 (𝛾
𝑟,𝑖
− roll
𝑖
) − cos2 (𝛾
𝑟,𝑖
− roll
𝑖
) sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
+ sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
√1 − sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
sin (𝛾
𝑟,𝑖
− roll
𝑖
)
) ,
(24)
𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 = tan
−1
(
√1 − sin2𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos2𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos (𝛾
𝑟,𝑖
− roll
𝑖
)
sin 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
cos𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
). (25)
Let 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 = tan
−1(|𝐵󸀠𝑂|/|𝐴󸀠𝐵󸀠|) and
𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 = tan
−1(|𝐵󸀠𝑂󸀠|/|𝑂󸀠𝑂|) be the angles calculated
as (24) and (25), respectively.Then according to the roll value
(roll
𝑖
) of AP𝑖, 𝑖 = 1, 2, 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 and 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,roll𝑖 can be
calculated as in
𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 =
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{
{
𝜋 + 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤ 𝜋, 0 ≤ 𝜃𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, − 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
− 𝜋
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤ 𝜋, 0 ≤ 𝜃𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, 𝛾
𝑟,𝑖
− 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
𝜋 + 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤ 𝜋, 0 ≤ 𝜃𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, 𝛾
𝑟,𝑖
≤ roll
𝑖
≤ 𝜋
𝜋 − 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 < 2𝜋, 0 ≤ 𝜃𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, − 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
−𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 < 2𝜋, 0 ≤ 𝜃𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, 𝛾
𝑟,𝑖
≤ roll
𝑖
< 𝛾
𝑟,𝑖
+ 𝜋
𝜋 − 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 < 2𝜋, 0 ≤ 𝜃𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, 𝛾
𝑟,𝑖
+ 𝜋 ≤ roll
𝑖
≤ 𝜋
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤ 𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋, − 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
𝜋 + 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤ 𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋, 𝛾
𝑟,𝑖
≤ roll
𝑖
< 𝛾
𝑟,𝑖
+ 𝜋
𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤ 𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋, 𝛾
𝑟,𝑖
+ 𝜋 ≤ roll
𝑖
≤ 𝜋
−𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 < 2𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋, − 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
− 𝜋
𝜋 − 𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 < 2𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋, 𝛾
𝑟,𝑖
− 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
−𝛼
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 < 2𝜋,
𝜋
2
< 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋, 𝛾
𝑟,𝑖
≤ roll
𝑖
≤ 𝜋,
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𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 =
{{{{{{{{{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{{{{{{{{{
{
2𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, − 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
−
𝜋
2
𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, 𝛾
𝑟,𝑖
−
𝜋
2
≤ roll
𝑖
< 𝛾
𝑟,𝑖
+
𝜋
2
2𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 0 ≤ 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
𝜋
2
, 𝛾
𝑟,𝑖
+
𝜋
2
≤ roll
𝑖
≤ 𝜋
𝜋 + 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if
𝜋
2
< 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
≤ 𝜋
𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if 𝜋 < 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,0 ≤
3𝜋
2
−𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if
3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
< 2𝜋, − 𝜋 ≤ roll
𝑖
< 𝛾
𝑟,𝑖
−
𝜋
2
2𝜋 − 𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if
3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
< 2𝜋, 𝛾
𝑟,𝑖
−
𝜋
2
≤ roll
𝑖
< 𝛾
𝑟,𝑖
+
𝜋
2
−𝛽
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , if
3𝜋
2
< 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
< 2𝜋, 𝛾
𝑟,𝑖
+
𝜋
2
≤ roll
𝑖
≤ 𝜋.
(26)
4. Numerical Analysis
In this section, we present numerical analysis based on typ-
ical AC scenarios that covers easy-to-understand positions
and Euler angles. In particular, we calculate 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 ,
𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 using {𝜃𝑖,0,0,0, 𝜙𝑖,0,0,0}, {𝜃𝑖,yaw𝑖 ,0,0, 𝜙𝑖,yaw𝑖 ,0,0}, and
{𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,0
, 𝜙
𝑖,yaw
𝑖
,pitch
𝑖
,0
}. Table 1 presents the results of
the numerical analysis. (In this study, we use practical
measurements and our tool had a chance to be used in a
real-time practical scenario where the position and Euler
angles are collected by the telemetry of the aeronautical
stations. The verification and validation activities are done
using the practical scenarios; however, as the telemetry has
a limited continuous data (i.e., relative positions and/or Euler
angles are slowly changing within boundaries due to physical
limitations of the ASs), the results do not provide enough
statistics to verify all conditions. Therefore, we present a set
of snapshot scenarios that cover many possible environments
and without sake of brevity; we continue our analytical
analysis which leads to results that can be easily followed
with geometrical verification as provided in Table 1.) Note
that, 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,roll𝑖 values are calculated with
a precision of 2∘, that is, according to the antenna gain
value outputs of Computer Simulation Technology (CST)
Microwave Studio Suite to decrease the processing power.
Depending on the link budget analysis, onemay allow having
antenna pointing error which can be covered by link margin
to provide error tolerant signal processing algorithms for the
antenna beamforming. (It is important to note that one can
easily extend the study for real-time link budget calculations
and beamforming study, utilizing positions and Euler angles
of platforms with a time index for a real scenario.)
Note that this tool provides 𝜃
𝑖,yaw
𝑖
,pitch
𝑖
,roll𝑖 , 𝜙𝑖,yaw𝑖 ,pitch𝑖 ,roll𝑖
values using the position and Euler angles of the plat-
forms. For AP1 platform to calculate its 𝜃
1,yaw
1
,pitch
1
,roll1 ,
𝜙
1,yaw
1
,pitch
1
,roll1 , the position and Euler angles of AP1 and
position of AP2 will be enough. In most of the avionics usage
scenario, this assumption is reasonable as the platforms know
each other’s initial positions via surveillance systems, addi-
tional avionic systems that provide position values with very
low data rate communication or RADAR; however they do
not know each other’s Euler angles. Using this mathematical
tool and mechanical/electronical beam steering algorithms,
the positions of the aircraft can be followed, while a robust
communication can be ensured with increased link margins
with less power burden on the platform.
5. Conclusion
In this paper, we investigate the link budget of an AC system
and provide a tool for antenna beamforming. In particular,
we present the relationship between link budget analysis and
antenna gains. Then, using the position information and
Euler angles of the platforms, we provide a tool that calculates
the antenna angles. This tool enables real-time link budget
analysis of AC and Doppler/delay spread mitigation tech-
niques to performbetter, as well as providing a complete set of
mathematical tool for a beam steering (electrical/mechanical)
algorithm.
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Figure 7: Effect of platform roll angle to the antenna angles.
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